This study aimed to determine element concentration in coal samples and to assess Co, Cr, Se, Th and U leaching from coals exposed to a simulated coal cleaning process. Coal samples taken from a local area of Turkey were grounded and exposed to water for one month period. Then the cleaned samples were ltered and dried. The elemental concentrations in the samples before and after the cleaning procedure were determined by relative neutron activation analysis (NAA). Raw and water cleaned coal samples were irradiated in central irradiation tube of TRIGA MARK II Research Reactor at 250 kW for 6 h and measured for their activities by using high resolution gamma spectroscopy system. The results showed that leaching percentage for Se is up to 100% and for Co, Cr, Th and U up to 71%, 17%, 30%, 28% respectively.
Introduction
Energy demand of contemporary world is increasing because of development of high technologies and industrial activities. Coal is the most signicant natural energy resource and it satises 27% of energy demand in the world [1] . Although it takes a great eort of nation to satisfy its energy demand, it threatens environment, especially air and surface and ground waters.
In the past, rising environmental awareness and productivity aected this industry. Impurities in the coal aect energy production eciency. Moreover, hazardous elements resulted from combustion can contaminate the air and can be inhaled through respiratory way by living organisms. Answering these concerns, the coal enrichment processes were given a special attention. Enrichment process that comprises physical or chemical processes is an essential part of ecient combustion in thermal power plants. However, chemical cleaning process is in development so its eciency and cost cannot be predicted. Consequently, physical cleaning was preferred instead of former one. In the late of 1970s, Environmental Protection Agency (EPA) encouraged the coal cleaning process based on density separation procedure and this procedure is still mostly used [2, 3] . In the coal cleaning process, coal particles in water are exposed to centrifugal forces to separate impurities by gravitational force. Lighter particles swim on the surface of liquid and heavier particles sink to the bottom. The impurities are removed by separation of the upper layer from the bottom. The excessive amount of solution resulting from this process is directly disposed into the environment. In this way, the exposed impurities from coal contaminate the soil and * corresponding author; e-mail: ileriru@itu.edu.tr water resources. After wet process, the cleaned coal particles are dried and prepared for the next process [35] . Coal mining activities and manufacturing processes especially cleaning process may cause release of metals such as Co, Cr, Se, Th and U to the environment and leading to leaching of these elements [2] .
In several studies it is demonstrated that intake of Co, Cr, Se, Th and U aect both human and animal health and caused serious diseases such as cancer, asthma, body deformation and genetic mutation [611] . NAA is suitable method for elemental analysis due to its sensitivity, accuracy and simple sample preparation procedure. It has been widely used in numerous areas of science including environmental sciences. Number of studies describing analysis of coal with NAA has been done recently [1214] .
The aim of this study is to determine the concentration of Co, Cr, Se, Th and U in raw and simulated cleaned coal samples taken from a local area of Turkey by neutron activation analysis to analyze the eect of a simulated cleaning process.
Material and method

Sample preparation
Coal samples were collected by random sampling from a main coal mine which is used in a power plant located in south east of Turkey. Raw coal samples were crushed and grinded with a mill, then sampled by systematic grid sampling for homogenization [15] . Bidistilled water was added to coal samples providing the solid/liquid ratio 2%. After one month waiting time, all prepared suspensions were ltered and air dried. A gravimetric method was applied for the determination of the dry matter content of the samples that are not used in analyses [16] . Dry matter content, f dm , of each sample was expressed as a percentage of mass using the Eq. 2.1 where m c is the mass of the empty container, m ds is the total mass of the container and dried sample and m ws is the total mass of the container and moist sample.
2.2. Irradiation and gamma spectroscopy 250 mg of raw and cleaned coal samples and references were packed in aluminum foil for irradiation. Certied reference material (CRM) from the National Institute for Standards and Technology (NIST SRM 1633b) were used as a standard [17] . Eect of ux uctuation in samples were determined by Au monitors which were prepared with AuCl 4 H·3H 2 0 (99.5% purity, Merck) solution. Certain amount of this solution was added by dropping at paper disks and covered with polyethylene bags after evaporation. The used micropipette (BRAND) was calibrated gravimetrically before measurements.
A Table I , resulting from activation by thermal neutron capture reactions, were determined by using gamma spectroscopy technique.
Irradiated samples and ux monitors were measured by HPGe detector (ORTEC GMX n-type) with a relative efciency of 14.4% and a resolution of 2.0 keV at 1332.5 keV photons of 60 Co. The detector was connected to a digital signal processing analyzer (ORTEC DSPEC jr. 2.0) operating through Gamma Vision-32 spectroscopy software. To obtain good count statistics depending on the activities of samples, samples were measured approximately 3 to 18 days after irradiation. Counting times were 12 hours for raw coal samples and 4 hours for cleaned coal samples. Concentrations of elements were calculated from comparison of peak areas in measured spectra of sample and standard comparator by using Eq. 2.2 in which m x,unk is the element concentration in the unknown sample (mg kg −1 ), m x,std is the element concentration in the standard comparator (mg kg −1 ), C is the net count rate in the γ-ray peak of radionuclide, t d is the decay time to start of measurement (s), t m is the live time of the measurement (s), λ is the decay constant (s −1 ), R Φ is the ratio of thermal neutron uxes for standard comparator and unknown sample [19] .
2)
The accuracy of results was statistically evaluated using E n test for comparison between experimental result and certied value of the reference material NIST 2702 [20] . The E n number is dened in Eq. 2.3 where x lab and x cer are the experimental and certied data; u lab and u cer are the experimental and certied uncertainties at 95% condence level, respectively. The result is accepted if E n < 1, and not accepted if E n > 1 [21] .
3. Results and discussion Table II gives the elemental concentrations with their uncertainties and E n values for each coal sample before and after simulated cleaning processes. Statistically, the elemental analysis results are acceptable because E n < 1.
Only the E n value of Th is approximately equal to 1. The reason may be the small amount of the element in the samples.
Results are compatible with the comprehensive study conducted for dierent coal mine areas of Turkey that found concentrations of Co, Cr, Se and U in the range of 1.418, 13270, 0.5117 and 0.7434 mg/kg, respectively [22] .
Comparison of elemental concentrations before and after cleaning indicates reduction of these elements after cleaning. The leaching ratio changed between 11-71% for Co, 017% for Cr, 0100% for Se, 030% for Th and 028% for U. The very little dierence between thorium concentrations of pure and cleaned samples could be attributed to very insoluble and immobile structure of thorium in natural waters [23] .
There are guidelines for drinking water for evaluating risk from hazardous elements [24, 25] . According to these guidelines, Table III gives permissible concentrations of investigated elements. Considering leaching ratios of the elements for simulated cleaning conditions, the element concentrations in coal cleaning waters can be higher than permissible concentrations. Selected element concentrations are determined by relative INAA method in the coal samples from a local area of Turkey and leaching of these elements by simulated cleaning are discussed. Element concentrations are determined with high accuracy. The simulated cleaning process of the coal samples showed dierent leaching ratios. Considering it is a simulated cleaning method, leaching ratios may dier from the conventional coal cleaning processes. It can be said that dispersion of the elements to the environment is highly possible due to leaching. To prevent hazardous trace element dispersion to the environment, monitoring of the process waters could be necessary. We suppose that this study may contribute to make elemental comparison of coals and to emphasize the importance of coal cleaning procedures and environmental protection.
